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Abstract

Grain copper (Cu) concentrations represent a qualitative trait mainly controlled by genetic factors, which may dif-
fer between wheat varieties from the Sichuan Basin of China and other areas. However, the differences are poorly
understood. Here, we investigated the grain Cu concentration in a remaining heterozygous line population derived
from a multiparental recombinant inbred line. The grain Cu concentration varied from 4.25 to 13.44 mg/kg and 3.32
to 7.74 mg/kg over a two-year investigation, and the broad-sense heritability was 0.67. Bulked-segregation analy-

sis revealed three quantitative trait loci on chromosomes 2A (QGr_Cu_Conc-2A), 2B (QGr_Cu_Conc-2B), and 4D
(QGr_Cu_Conc-4D). QGr_Cu_Conc-2B is a novel locus, which was further narrowed between KASP-52.32 and KASP-
56.57 with an interval of 52.32-56.57 Mb, explaining 17.10% of the phenotypic variation; its potential candidate
gene was TraesC52B03G0196500, encoding a chloroplast thylakoid lumen protein. KASP-52.32 successfully genotyped
two common wheat populations, and the grain Cu concentration of CC genotype varieties was significantly higher
than that of TT genotype varieties. Meanwhile, the concentrations of chlorophyll and the expression levels of three
TaZIP8 and two TaZIP9 in flag leaves were higher in plants with high grain Cu concentration than in plants with low
grain Cu concentration. These results provide guidance for understanding the genetic mechanisms underlying grain
Cu concentration and may aid in wheat breeding.

Key messages

A novel major QTL (QGr_Cu_Conc-2B) for grain Cu concentrations in common wheat was identified and the marker
KASP-52.32 was developed to screen for high and low grain Cu concentrations.
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Introduction

Copper (Cu) is an essential microelement for the growth
and development of all organisms [1, 2]. For example, as
a cofactor for numerous proteins, Cu is involved in cell
wall metabolism, photosynthetic electron transport, hor-
monal signalling, and mitochondrial respiration; thus, it
ultimately determines plant fertility, seed size, and pro-
tein accumulation [2—4]. Cu is deficient in alkaline or
organic soils, which account for more than 30% of the
world’s arable soils, and Cu deficiency reduces crop fertil-
ity, grain yield, and Cu accumulation in crop grains [4, 5].
The human dietary intake of Cu is mainly derived from
crop grains. The average daily intake of Cu for adults over
18 age is 0.62 mg; for kindergarten is appropriate reduc-
tion; for pregnant women is 0.72mg; and for lactating
women is 1.12 mg [6]. Deficient and excess Cu conditions
can lead to a variety of disorders in the human body, such
as anaemia, reduced immunity, and bone dysplasia [7].
Therefore, the maintenance of appropriate Cu concen-
trations in crops is important for food safety and human
health.

Common wheat (Triticum aestivum L., 2n=6x=42,
AABBDD) is one of the most important food crops
worldwide [8]. The Cu concentration in wheat grains not
only determines the quality but also potentially influences
the safety of wheat crops. However, the grain concentra-
tion depends on the uptake of Cu and its redistribution
from the shoots as they senesce [5]. The redistribution of
Cu to wheat grains is also dependent on the Cu concen-
tration in the soil solution [5]. Grain Cu concentrations
vary among wheat varieties, and represent a quantitative
trait that is predominantly determined by genetic factors
[9-13].

To reveal the genetic factors underlying the grain Cu
concentration of wheat, several quantitative trait loci
(QTL) have been identified [9-13]. Briefly, two major
QTL for grain Cu concentration located on chromo-
somes 2A and 5A were detected in 243 Chinese wheat
cultivars collected from the Yellow and Huai Valley of
China, and they explained 10.1-32.6% of the pheno-
typic variation in grain concentration [5]. Moreover, four
QTL were identified on chromosomes 1D, 6A, 6B, and
7D in a biparental population, and they explained 8.66%,
7.55%, 8.21%, and 4.71% of the phenotypic variation in
grain Cu concentration, respectively [5]. Using a recom-
binant inbred line (RIL) derived from a cross between
durum wheat (7. turgidum L. var. durum, 2n=4x=28,
AABB) and wild emmer (T. turgidum L. ssp. dicoccoides,
2n=4x=28, AABB), Peleg et al. detected ten major QTL
underlying grain Cu concentrations in 1A, 2A, 4A, 5A,
6A, 7A, 7B, 3B, 4B, 6B, and 7B, which explained 1-13%
of the phenotypic variation [10]. Ma et al. used 372 Chi-
nese local varieties and 71 exotic varieties to identify
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three major loci underlying grain Cu concentration, and
they were located on chromosomes 1D, 5A, and 5D and
explained 0.48-2.89% of the phenotypic variation [13].
One QTL located on chromosome 5B was detected in
330 wheat lines from the CIMMYT Biofortification
Breeding Program [9]. In addition, several non-major
QTL or loci underlying grain Cu concentrations in wheat
have been identified in different wheat varieties located
on chromosomes 1A, 1B, 1D, 2A, 2D, 3A, 3B, 3D, 4A, 4B,
5A, 5B, 5D, 6A, 6B, 6D, 7A, 7B, and 7D [9, 12-15]. These
results suggest that the genetic factors underlying the
grain Cu concentration of wheat differ depending on the
wheat cultivar and most detected QTL explain less than
10% of the phenotypic variation.

Because it has the warmest temperatures, shortest sun-
shine hours, and lowest latitude, the Sichuan Basin is an
important and region-specific wheat-producing region
in China [16]. Most wheat varieties in the Sichuan Basin
are spring-type wheat, which require little or no ver-
nalisation. Thus, the genetic factors underlying grain Cu
concentration in wheat varieties in the Sichuan Basin
are different from those identified in previous studies;
moreover, these genetic factors are poorly understood.
Therefore, in this study, we investigated the grain Cu
concentration in a remaining heterozygous line (RHL)
population derived from a multiparental hybrid RIL.
Bulked-segregant analysis sequencing (BSA-Seq) and
RNA-sequencing (RNA-Seq) were performed to screen
the potential loci underlying grain Cu concentration.
Kompetitive allele-specific PCR (KASP) markers were
exploited and used to fine-map the loci. The aim of this
study was to identify novel QTL for grain Cu concentra-
tion and develop a breeder-friendly KASP marker for use
in breeding, which will provide guidance for revealing the
genetic mechanism of grain Cu concentration and aid in
wheat breeding.

Materials and methods

Plant materials

The remaining heterozygous line (RHL) was derived from
a multiparental hybrid RIL (F;). The parents were dwarf
Polish wheat (DPW, T. polonicum L., 2n=4x=28. AABB),
Jianyangailanmai (JAM, T. turgidum L., 2n=4x=28.
AABB), the breeding line K1041, and three modern
wheat cultivars: Xikemaill (XK11), Shumail33 (SM133),
and Chuanmai64 (CM64). DPW, originated from Turpan,
Xinjiang, China, has several valuable traits, including
elongated kernel, dwarf, and low grain cadmium concen-
tration [17-19]. JAM, a landrace in Sichuan, processes a
dwarfing gene Rht22 [20]. Both DPW and JAM are valu-
able germplasms for common wheat improvement. The
pedigree of this RIL was that the F, plants of DPW XJAM
were continuously hybridised with XK11 and SM133,
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and their F; plants were crossed with the F; plants of
K1041 x CM64.

Two natural common wheat populations were used for
marker validation. One natural common wheat popula-
tion with 134 varieties was primarily collected from the
Sichuan and Henan wheat-producing regions of China
(NCWSH-China) ~ Another population with 101 varieties
was collected from Eurasia between 30°N and 45°N lati-
tude (named NCWEON-4N) 314 divided into two sub-
groups based on genetic structure analysis [21]. Most of
the varieties collected from Europe and selected germ-
plasms from Asia were classified into subgroup 1, par-
ticularly the Bulgarian and Portuguese germplasms, and
a portion of the germplasms from Asia and the Middle
East were clustered into subgroup 2. Both subgroups
exhibited high levels of genetic diversity.

Field experiments

The parents and 103 plants derived from the RHL were
grown during the 2022-2023 wheat growing season at
the Wenjiang experimental field of Sichuan Agricultural
University (2023W]J_RHL). A total of 243 plants gener-
ated from 2023WJ_RHL and the parents were grown
during the 2023-2024 wheat growing season at the Wen-
jiang experimental field of Sichuan Agricultural Univer-
sity (2024WJ_RHL). The average of soil Cu concentration
of the Wenjiang field was 32.95 mg/kg. The grains of
NCWSH-China yere sampled during the 2021-2022 wheat
growing season at Wenjiang (2022W]_NCWSH-China)
Grains of NCWON-%N yere sampled during the
2018-2019 wheat growing season in the experimental
fields at Wenjiang (2019W]_NCWEON=4N) and Chong-
zhou (2019CZ_NCWHEON=4N) at Sichuan Agricultural
University.

All parents and RHLs were planted in a completely ran-
domised block design, and the field was managed using
conventional management. Twenty grains of each parent
and RHL were planted in rows that were 2 m long and
30 cm apart.

Measurement of chlorophyll concentration and yield traits
At the filling stage, the chlorophyll and carotenoid con-
centrations of the leaves were measured from high-grain
and low-grain Cu concentration plants, as described by
Warren [22]. The pigment concentration was calculated
according to the method described by Lichtenthaler [23].
At maturity, the yield traits, including grain number per
plant, thousand grain weight, grain length, grain width,
grain circumference, and grain area, were measured by
automatic seed analysis and thousand grain weight meter
system (SC-G2; Wseen, Hang Zhou, China).

Page 3 of 12

Determination of grain and leaf Cu concentration

The grain Cu concentrations of 2023WJ_RHL, 2024W]_
RHL, 2022WJ_NCWSH-China " 5019v] NCWEON-4N
and 2019CZ_NCWEON=4N 514 the leaf Cu concentra-
tion of 2023WJ_RHL were determined according to the
method of high-temperature humidification digestion
[24]. Briefly, the leaves and grains were dried to a con-
stant weight and powdered. Each sample (0.20 g) was
digested in a mixture of acid (HCIO4-HNO3, v/v=1/4)
and diluted by 1% nitric acid and filtered. All samples
were loaded into an inductively coupled plasma mass
spectrometer (Nexlon2000, PerkinElmer, Waltham,
MA, USA) for Cu determination. A certified standard
substance (wheat flour [GBW 10011]; National Stand-
ard Research Centre of China) was used for quality
assurance.

BSA-Seq analysis

To detect the genetic factors underlying grain Cu con-
centrations, BSA-Seq analysis was performed at Tian-
sheng Future Biotechnology Company, Chengdu, China.
Briefly, pools of plants with grain high- and low-Cu
concentration were prepared using equal amounts of
genomic DNA from 2023WJ_RHL, and each pool con-
tained 30 plants. Genomic DNA was extracted from each
pool using the CTAB method [25]. A total of 4.5 mg of
genomic DNA from each pool was fragmented to 300 bp
using a Bioruptor UCD-200 sonicator (Diagenode, Den-
ville, USA). Libraries were constructed using Illumina
HiSeq Kapa Hyper DNA Library Preparation Kit (Illu-
mina, Shang Hai, China). Sequencing was performed on
an Illumina HiSeq Nova platform (Illumina, Shang Hai,
China), and each pool was sequenced at a 30 X depth.

The raw sequenced data were screened and filtered to
obtain high-quality clean reads using BWA software [26].
Inserted fragments, single nucleotide polymorphism
(SNP) variants, and small insertion and deletion (InDel)
sites were detected using Picard (http://sourceforge.net/
projects/picard/), GATK, and Snp Eff software, respec-
tively [27, 28]. Genome-wide association analysis of grain
Cu concentrations was performed using SNP variant
density enrichment maps and the G’ value statistic algo-
rithm [29].

KASP marker exploitation and QTL analysis

To confirm the QTL for grain Cu concentrations, KASP
markers were designed according to the filtered SNP
information obtained from BSA-Seq [30], and listed in
STable 2. KASP analyses of 2023WJ_RHL and 2024W]_
RHL for QTL mapping and in the natural common wheat
population for validation was conducted as described
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by Liu et al.[30]. Linkage mapping was performed using
JoinMap 4.0, and QTL were mapped using IciMapping
4.2

Candidate gene prediction

Candidate genes within the physical region of the QTL
were analysed using WheatOmics 1.0 (http://202.194.
139.32/) and then clustered by GO (Gene Ontology) and
KEGG (Kyoto Encyclopedia of Genes and Genomes) [31].
To further predict the candidate QTL genes for grain Cu
concentration, extremely high- and low-Cu plants from
2023W]J_RHL were used for RNA sequencing (RNA-
Seq). RNA-Seq analysis was performed at Novo Gene
Bioinformation Technology Co., Ltd. (Beijing, China)
[20]. Metal transporter genes with log2 (fold change)>1
or<—1 and P,; value<0.005 were considered differen-
tially expressed genes (DEGs). DEGs and/or genes with
SNP variant(s) within the QTL were recommended.

Gene amplification

Total RNA was extracted using a Plant RNA Kit (Omega
Bio-Tek, Norcross, GA, USA). cDNA was synthesised
using an M-MLYV First Strand cDNA Synthesis Kit (Inv-
itrogen). PCR primers (STable 7) used for the amplifica-
tion of the genomic and coding sequences (CDS) of the
candidate genes were designed from the Chinese Spring
reference genome sequence and used for candidate gene
amplification and detection [18].

Data analysis

The broad-sense heritability (H?) was calculated using
SAS software (8.0, SAS Institute, USA) [32]. Statisti-
cal analyses were performed using SPSS software (ver-
sion 20.0; IBM Japan Ltd., Tokyo, Japan). Independent
samples ¢-test was used to test for significant differences
between two samples at a significance level of P<0.05
(*), P<0.01 (**) or P<0.001 (***). Pearson’s correlation
analysis (two-tailed) was used to analyse the correlations
between grain Cu concentrations and leaf Cu concentra-
tions, agronomic traits, and yield traits. All graphs were
constructed using Origin software (version 64.0; Origin-
Lab USA Ltd., Northampton, USA).

Results

Yield traits

For 2023W]J_RHL, the grain number per plant, thousand
grain weight, grain width, grain length, grain circum-
ference, and grain area exhibited continuous variations
from 140 to 555, 23.08 to 59.81 g, 3.27 to 3.68 mm, 6.34
to 8.06 mm, 16.01 to 19.92 mm, and 14.88 to 21.62 mm?,
with mean values of 305, 43.88 g, 3.56 mm, 7.17 mm,
17.97 mm, and 18.42 mm?, respectively (Fig. 1A-F).
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Cu concentration of grains and leaves

As K1041 is a genetically unstable intermediate material,
and its grain Cu concentration was not measured. Grain
Cu concentrations of other parents, including DPW,
TPW, CM64, SM133, and XK11, showed significantly dif-
ferent average values of 6.87 mg/kg, 6.33 mg/kg, 5.90 mg/
kg, 5.07 mg/kg, and 4.84 mg/kg, respectively (Fig. 2A).

The grain Cu concentrations of the 2023W]_RHL and
2024WJ_RHL populations exhibited continuous varia-
tions, ranging from 4.25 to 13.44 mg/kg (mean value of
6.19 mg/kg) (Fig. 2B) and 3.32 to 7.74 mg/kg (mean value
of 5.08 mg/kg), respectively (Fig. 2C). The H* of the RHL
populations was 0.67. These results indicate that the
grain Cu concentration in these RHLs is a quantitative
trait that is mainly controlled by genetic factors.

Because the grain Cu concentration in wheat is asso-
ciated with redistribution from leaves as they senesce
[5], we also investigated the leaf Cu concentration of
2023WJ_RHL, which varied from 2.05 to 7.92 mg/kg
(mean value of 4.46 mg/kg) (Fig. 2D). Correlation analysis
revealed that the grain Cu concentration was significantly
positively correlated with the leaf Cu concentration
in 2023W]J_RHL; however, the correlation coefficient
was very low at 0.25. We also analysed the relationship
between grain Cu concentrations and tiller numbers
and yield traits (including thousand kernel weight, grain
width, grain length, grain area, and grain number per
plant); however, these traits were not correlated (STable.
1).

BSA-Seq
BSA-Seq identified 80,671 SNPs and 3,668 indels. After
quality control, 45,001 high-quality SNPs and 1,557
Indels were obtained. In the present study, we used SNPs
to exploit KASP markers for QTL screening and valida-
tion. All 45,001 SNPs were distributed across all 21 wheat
chromosomes, ranging from 386 to 6,478. The largest
number of SNPs was found on chromosome 7B (6,478),
followed by chromosomes 2B (4,719) and 2A (4,155), and
the least number was found on chromosomes 4D (386),
5D (386), and 6D (469) (Fig. 3A; Table 1). SNPs were not
uniformly distributed on the chromosomes (except for
7B) but rather showed a centralized distribution on sev-
eral chromosome fragments (Fig. 3B). For example, out of
4,719 SNPs on chromosome 2B, 2,196 SNPs were distrib-
uted within the interval of 49.00-112.0 Mb; 1,102 SNPs
out of 4,155 SNPs on chromosome 2A were distributed
within the interval of 46.00-91.50 Mb; and 262 SNPs out
of 386 SNPs on chromosome 4D were distributed within
the interval of 0.50—6.50 Mb (Table 2).

Based on a G’ value algorithm with a value of more
than 15, three candidate regions correlated with grain
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Cu concentrations were detected on chromosome 2A
(158.74-166.37 Mb), 2B (67.29-145.97 Mb), and 4D
(0.60-8.20 Mb) (Fig. 3C; Table 2). By combining the
results recommended by the SNP numbers and G’ value
algorithm, three candidate intervals located on chromo-
some 2A (46.00-166.37 Mb), 2B (49.00-145.97 Mb), and
4D (0.50-8.20 Mb) were recommended for governing
grain Cu concentrations (Table 2). These intervals were
individually named QGr_Cu_Conc-2A, QGr_Cu_Conc-
2B, and QGr_Cu_Conc-4D. Since QGr_Cu_Conc-2B
presented the highest G’ value and largest number of
SNPs, it was further confirmed and narrowed using the
2023WJ_RHL and 2024WJ_RHL populations.

QGr_Cu_Conc_2B fine mapping

To validate and further narrow down the interval of QGr_
Cu_Conc_2B, 40 pairs of KASP markers were designed
based on the SNP information. 11 pairs of markers were
successfully used to genotype 103 plants of the 2023W7]_
RHL population and constructed a genetic map (Fig. 4A).

The genetic map spanned 89.17 cM, and the order of the
markers on the genetic map was highly consistent with
that in the wheat physical map; however, three markers
(KASP-49.69, KASP-56.57 and KASP-52.32) showed dis-
order (Fig. 4A). QTL screening revealed that QGr_Cu_
Conc_2B was mapped between markers KASP-49.69 and
KASP-57.00 in the 2023W]_RHL population, and it had
a limit of detection (LOD) score of 6.20 and explained
28.07% of the phenotypic variation (Fig. 4A; Table 3). In
addition, a QTL governing leaf Cu concentration was
mapped between the markers KASP-80.50 and KASP-
96.20 with an LOD value of 2.56, and it explained 11.89%
of the phenotypic variation (Fig. 4A; Table 3).

We found that the disorders among the markers
KASP-49.69, KASP-56.57, and KASP-52.32 probably
resulted from the lower number (103) of plants in the
2023WJ_RHL population. To confirm and narrow down
the candidate region of QGr_Cu_Conc_2B, 243 plants
(2024WJ_RHL) were generated from the 2023WJ_RHL
population. Four pairs of KASP markers, i.e. KASP-49.69,
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Table 1 Number of SNPs on all chromosomes of BSA-Seq

Number Chromosomes Number
of SNP
variants

1 1A 2462

2 1B 1552

3 1D 703

4 2A 4155

5 2B 4719

6 2D 877

7 3A 2002

8 3B 880

9 3D 956

10 4A 1390

11 4B 2032

12 4D 386

13 5A 1707

14 5B 2818

15 5D 386

16 6A 3889

17 6B 3036

18 6D 469

19 7A 3504

20 7B 6478

21 7D 600

KASP-56.57, KASP-52.32, and KASP-57.00, were used to
genotype 2024W]J_RHL population. The marker order
was KASP-49.69, KASP-52.32, KASP-56.57, and KASP-
57.00, which is the same as the physical order (Fig. 4B).
Meanwhile, QGr_Cu_Conc_2B was accurately mapped
between markers KASP-52.32 and KASP-56.57 in the
2024W]J_RHL population (Fig. 4B). Compared to the ref-
erence Chinese Spring gene (RefSeq v2.1), its physical
interval was 52.32-56.57 Mb and LOD value was 10.03,
and it explained 17.10% of the phenotypic variation
(Table 3). According to the genotype of the tightly linked
marker KASP-52.32, most plants in the 2024WJ_RHL
population were classified into two groups with geno-
types CC (82) and TT (145), and the remaining 16 plants
had heterozygous genotypes (CT). The average grain Cu

Table 2 Candidate region statistics for SNP locus association analysis
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concentration of the CC genotype group was 5.42 mg/kg,
which was extremely significantly higher (11.15%) than
that of the TT genotype group (4.88 mg/kg); moreover,
the grain Cu concentration of the CT genotype group
was not significantly different from either CC or TT gen-
otypes (Fig. 4C).

Validation of KASP-52.32 in two natural common wheat
populations

Because the KASP marker KASP52.32 was tightly linked
with QGr_Cu_Conc_2B in the 2024W]J_RHL popula-
tion, it was further validated using two natural common
wheat populations. Mineral analysis found that grain
Cu concentrations of NCWEON=4N showed continu-
ous variations from 5.97 to 18.50 mg/kg (mean value of
10.33 mg/kg) in 2019WJ_NCWEON=4N and from 6.00
to 17.67 mg/kg (mean value of 12.23 mg/kg) in 2019CZ_
NCWHEON=4N b 5pulations, respectively (Fig. 5A and B).
In both environments, the varieties collected from Geor-
gia and Syria had higher grain Cu concentrations while
those collected from Greece had lower grain Cu concen-
trations. Based on the genotypes of the KASP marker
KASP-52.32, the average grain Cu concentration of the
varieties with the CC genotype was significantly higher
than that of the varieties with the TT genotype (Fig. 5C
and F). At the subgroup level, similar results were found,
with the average grain Cu concentration of varieties with
the CC genotype significantly higher than that of varie-
ties with the TT genotype in 2019W]J_NCWHON-4N
(Fig. 5D and E) and 2019CZ_NCWHEON-4N (Fig 5G
and H). The 2022WJ_ NCWSH-China 5ohulation also
showed continuous variations in grain Cu concentra-
tions (Fig. 5I), and the average grain Cu concentration
was higher in varieties with the CC genotype than the TT
genotype (Fig. 5]). However, although parents of the RHL
populations, including DPW, TPW, CM64, SM133, and
XK11, were CC genotypes, their grain Cu concentrations
were significantly different, suggesting that the TT geno-
type may have originated from the intermediate mate-
rial K1041. These results confirm that the KASP marker
KASP-52.32 is tightly linked to grain Cu concentration
and could be used for molecular marker-assisted selec-
tion in common wheat.

Chromosome SNP enrichment diagram G'value Recommended
interval (Mb)
Interval (Mb) SNP number Interval (Mb)
2A 46.00-91.50 1,102 158.74-166.37 46.00-166.37
2B 49.00-112.00 2,196 67.29-145.97 49.00-145.97
4D 0.50-6.50 262 0.60-8.20 0.50-8.20




Huang et al. BMC Genomics (2024) 25:1198

0.0—f— KASP-145.20 0.0 —F— KASP-57.01
12,7~ KASP-142.50
15.6 KASP-96.20
18.8 KASP-80.50 3.6 = KASP-56.57
206- |- KasPS7.01 _ -l ___ 80— QGrCu_Conc-28
30.0=1"T QGr_Cu_Conc-2B 5.9 === KASP-52.32
o b 6.8 = KASP-49.69
36.4 =TT~ KASP-56.57
28 8~ KasP52.32
111 [ kasp27.39
224 KASP-25.50
802 KASP-25.10

o \/

Page 8 of 12

11.15%

RS

ns

©
1

ns

(mglkg)

T~
1

(-
1

o
1

I
L

Grain Cu concentration of 2024WJ_RHL

3 T T T
KASP-52.32 cC CcT T

Fig. 4 Fine mapping of QGr_Cu_Conc-2B. A: QTL of grain and leaf concentration in 2023WJ_RHL. B: QTL of grain concentration in 2024WJ_RHL. C:
comparison of the significance of the 2024WJ_RHL population based on marker KASP-52.32. Asterisk indicates statistically significant differences
***P<0.001 by independent samples t-test, and ns indicates no significant difference between the two groups

Table 3 QTL controlling the grain and leaf Cu concentration

Trait Genetic position Left Marker Right Marker LOD PVE (%)
(cM)

Grain Cu concentration in 2023WJ_RHL 30.00 KASP-49.69 KASP-57.01 6.20 28.07

Grain Cu concentration in 2024W)J_RHL 5.00 KASP-52.32 KASP-56.57 10.03 17.10

Leaf Cu concentration in 2023WJ_RHL 16.00 KASP-80.50 KASP-96.20 2.56 11.89

Candidate genes

According to the reference genome of Chinese Spring,
there were 80 annotated genes in the physical inter-
val of QGr_Cu_Conc_2B but no genes encoding a
metal transporter. Among these 80 candidate genes, 47
genes are high confidence gens (STable 6). GO analy-
sis revealed that these genes were enriched in enzyme
activities, cellular metabolism, signal transduction, tran-
scription factors, and chloroplast anabolic pathways
(Fig. 6A). KEGG analysis revealed that these genes were
mainly involved in acid metabolism (Fig. 6B). RNA-Seq
analysis revealed that five genes within the interval of
QGr_Cu_Conc_2B, including TraesCS2B03G0188400,
TraesCS2B03G0188300, TraesCS2B03G0192300,
TraesCS2B03G0196200, and TraesCS2B03G0196500,
had SNP between plants with grain high- and low-Cu
concentrations. They individually encode a UDP-glucor-
onosyl and UDP-glucosyl transferase, NADP-dependent
alkenal double-bond reductase, disease resistance pro-
tein, vacuolar protein sorting-associated protein 54, and

chloroplast thylakoid lumenal protein. Gene cloning of
TraesCS2B03G0196500 using leaf cDNA revealed that
TraesCS2B03G0196500 could be cloned from plants
with grain high-Cu concentration but not from those
with grain low-Cu concentration (Fig. 6C). The concen-
trations of chlorophyll a, chlorophyll b, carotenoids and
total chlorophyll of leaves were higher in high grain Cu
concentration plants than in low grain Cu concentration
plants (Fig. 6D). Meanwhile, RNA-Seq revealed that only
five metal transporter genes in flag leaves showed differ-
ential expression between a high grain Cu concentration
plant and a low grain Cu concentration plant; the expres-
sion levels of three TaZIP8 and two TaZIP9 were higher
in high grain Cu concentration plant than in low grain Cu
concentration plant (Fig. 6E).

Discussion

According to the agricultural industry standard (NY
861-2004) released by the Ministry of Agriculture of the
People’s Republic of China, the recommended grain Cu
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concentration for wheat is 3-10 mg/kg [33]. In the pre-
sent study, we found that the grain Cu concentrations of
the 2023WJ_RHL, 2024WJ_RHL, and 2022WJ_NCW*-
China 1 5 bulations were consistent with the recommended
range, except for a few lines of 2023WJ_RHL, which had
Cu concentrations greater than 10 mg/kg (Fig. 2B, C, and
5I). Most varieties in the NCWEON=4"N onylation col-
lected from Georgia and Syria exhibited higher grain Cu
concentrations when grown in the Wenjiang and Chong-
zhou experimental fields (Fig. 5A and B), although they
did not exceed the limit of 20 mg/kg recommended by
the United States Environment Protection Agency [34].
Many common wheat varieties in China also have higher
grain Cu concentrations; for example, 18.53% of wheat
varieties collected from the Yellow and Huai Valleys
accumulated more than 10 mg/kg of Cu in their grains
[11]. We found different frequencies of grain Cu concen-
trations between the 2023WJ_RHL and 2024W] RHL
populations and between the 2019W]_NCWHEON-45N
and 2019CZ_NCWEON=4N " hohulations. This result
indicates that grain Cu concentrations are influenced by
environmental factors, such as soil properties [35, 36],
which likely caused certain varieties to accumulate more
than 10 mg/kg Cu [11, 13].

Ma et al. [13] found that grain Cu concentrations in
common wheat was significantly negatively correlated
with thousand grain weight. However, we found no
correlation between grain Cu concentrations and yield
traits such as thousand kernel weight, grain width,

grain length, grain area, or grain number per plant
(STable 1). These results indicate that the characteris-
tics of grain Cu concentrations depend on the wheat
variety. Because the values of H? (0.61) for the 2023WJ_
RHL and 2024WJ_RHL populations were greater than
0.50, the grain Cu concentration in those RHL popula-
tions were mainly controlled by genetic factors.
BSA-Seq has been successfully used to identify can-
didate intervals for wheat traits, such as plant height
and defective kernels [20, 37]. In this study, three can-
didate intervals underlying grain Cu concentrations of
common wheat, QGr_Cu_Conc-2A, QGr_Cu_Conc-
2B, and QGr_Cu_Conc-4D, were identified using BSA-
Seq (Fig. 3, Table 2). The region of QGr_Cu_Conc-4D
(0.50—8.20 Mb) has been identified as a non-major QTL
for grain Cu concentration of wheat [12]; and QGr_Cu_
Conc-2A (46.00-166.37 Mb) overlapped with one QTL
on chromosome 2A was reported [15] and it explained
15.70% of grain Cu concentration variation. QGr_Cu_
Conc-2B (49.00-145.97 Mb) was further narrowed to
the interval of 52.32-56.57 Mb using KSAP markers
KASP-52.32 and KASP-56.57 (Fig. 4B); it explained
17.10% of the phenotypic variation, which was higher
than that of other reported QTL explaining the grain
Cu concentration variation. Thus, QGr_Cu_Conc-2B
is a novel QTL for grain Cu concentrations in wheat,
because QTL for grain Cu concentration in wheat have
not been previously reported in this interval [9-13,
15]. QGr_Cu_Conc-2B was linked to a QTL for leaf Cu
concentrations on chromosome 2B (Fig. 4A), which
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polymerase | promoter (TIFRPIP), organic hydroxy compound metabolic process (OHCMP), aldehyde catabolic process (ACP), glycerol metabolic
process (GMP), alditol metabolic process (AMP), small molecule catabolic process (SMCP), glycerol-3-phosphate metabolic process (GMP)

and alditol phosphate metabolic process (APMP); cellular component (CC) pathways include RNA polymerase | transcription factor complex
(PIRPITFC), glycerol-3-phosphate dehydrogenase complex (GDC), thylakoid lumen (TL), nucleolar part (NP), mitochondrial intermembrane

space (MIS), organelle envelope lumen (OEL), nuclear transcription factor complex (NTFC), cytoplasmic vesicle part (CVP), tethering complex

(TC) and transcription factor complex (TFC); Molecular Function (MF) pathways include N,N-dimethylaniline monooxygenase activity (NMA),
oxidoreductase activity and acting on paired donors (OA), NADP binding (NB), oxidoreductase activity and acting on the CH-CH group

of donors with NAD or NADP as acceptor (OA), oxidoreductase activity, acting on the CH-CH group of donors (OA), lactoylglutathione lyase
activity (LLA), carbon-sulfur lyase activity (CLA), nutrient reservoir activity (NRA), manganese ion binding (MIB) and transcription regulatory

region sequence-specific DNA binding (TRTSDB); B: KEGG pathways of candidate genes at the interval of QGr_Cu_Conc-28B; C: amplification

of TraesCS2B03G0196500 between high and low grain Cu concentration plants; full-length gels are presented in Supplementary Fig. 2; D: chlorophyll
content of leaf in the high and low grain Cu concentration; E: different expression of metal transporter genes in flag leaves between the high grain

Cu concentration plants and the low grain Cu concentration plants

supports that the grain Cu concentration was positively
correlated with the leaf Cu concentration (STable 1).
Similar to grain Fe and Zn concentrations [38], grain
Cu concentrations in wheat is also dependent on redis-
tribution from flag leaves during senescence [5]. In this
study, we found that the concentrations of chlorophyll
a, chlorophyll b, carotenoids, and total chlorophyll in
leaves were higher in plants with high grain Cu concen-
tration than in plants with low grain Cu concentration

(Fig. 6D), which indicated the senescence of flag leaves
in plants with low grain Cu concentration. Mean-
while, the candidate gene of QGr_Cu_Conc-2B,
TraesCS2B03G0196500, which encodes a chloroplast
lumenal protein, could be cloned from the cDNA of
the flag leaf of grain high-concentration Cu plants,
but not from the cDNA of the flag leaf of grain low-
concentration Cu plants (Fig. 6C). Chloroplast lume-
nal proteins play crucial roles in regulating thylakoid
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biogenesis and the activity and turnover of photosyn-
thetic protein complexes, especially photosystem II,
and then mediate leaf senescence [39]; and the thy-
lakoid compartments of plant chloroplasts are a vital
destination for Cu [40]. On the other hand, during flag
leaf senescence, several metal transporter genes, such
as members of the ZIP family, showed downregulation
to limit the remobilisation of Fe and Zn from leaves
to grains [38, 41]. Here, the expression levels of three
TaZIP8 and two TaZIP9 were consisted with chloro-
phyll concentration, TraesCS2B03G0196500 expression
and grain Cu concentration. Their homologous genes
OsZIP1 transport Cu and OsZIP9 transport Zn for Zn
uptake [42, 43]. Thus, we theoretically understood that
the lack of TraesCS2B03G0196500 in flag leaves pro-
moted the senescence to downregulate the expression
levels of TaZIP8 and TaZIP9, which probably limited
Cu transport from flag leaves to grain via the phloem.
However, further studies are required to confirm
whether TraesCS2B03G0196500 is the target gene of
QGr_Cu_Conc-2B.

Conclusion

In this study, a novel major QTL (QGr_Cu_Conc-2B)
within the interval 52.32-56.57 Mb was mapped on
chromosome 2B, and it is responsible for grain Cu
concentration in wheat. We also used its tightly linked
marker KASP-52.32 to successfully track grain Cu
concentrations in two other natural common wheat
populations. Our results also showed that grain Cu
concentration was not correlated with yield traits such
as grain number per plant or thousand grain weight.
Collectively, our results provide a new guide for under-
standing the genetic mechanisms of grain Cu concen-
tration in wheat and improving this trait.
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